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High-fat diets cause insulin resistance despite
an increase in muscle mitochondria

Chad R. Hancock, Dong-Ho Han, May Chen, Shin Terada, Toshihiro Yasuda, David C. Wright, and John O. Holloszy*

Division of Geriatrics and Nutritional Sciences, Department of Medicine, Washington University School of Medicine, St. Louis, MO 63110

Edited by Philip W. Majerus, Washington University School of Medicine, St. Louis, MO, and approved April 7, 2008 (received for review March 11, 2008)

It has been hypothesized that insulin resistance is mediated by a
deficiency of mitochondria in skeletal muscle. In keeping with this
hypothesis, high-fat diets that cause insulin resistance have been
reported to result in a decrease in muscle mitochondria. In contrast,
we found that feeding rats high-fat diets that cause muscle insulin
resistance results in a concomitant gradual increase in muscle
mitochondria. This adaptation appears to be mediated by activa-
tion of peroxisome proliferator-activated receptor (PPAR)S by fatty
acids, which results in a gradual, posttranscriptionally regulated
increase in PPAR y coactivator 1« (PGC-1a) protein expression.
Similarly, overexpression of PPARS results in a large increase in
PGC-1a protein in the absence of any increase in PGC-1a mRNA. We
interpret our findings as evidence that raising free fatty acids
results in an increase in mitochondria by activating PPARS, which
mediates a posttranscriptional increase in PGC-1a. Our findings
argue against the concept that insulin resistance is mediated by a
deficiency of muscle mitochondria.

mitochondrial biogenesis | mitochondrial dysfunction | PPARS |
skeletal muscle | PGC-1a

t has been hypothesized that insulin resistance in patients with

impaired or diabetic glucose tolerance is mediated by a
deficiency of mitochondria in skeletal muscle (1, 2). The mech-
anism by which a decrease in mitochondria is proposed to cause
insulin resistance is accumulation of intramyocellular lipids
caused by a decrease in the capacity to oxidize fat (2). This
hypothesis is based on the finding that type 2 diabetics and
insulin-resistant individuals with impaired glucose tolerance
have ~30% less mitochondria in their muscles than insulin-
sensitive control subjects (3—7). In support of this concept, recent
studies have reported that raising serum free fatty acids (FFA)
by a high-fat diet in humans (8), or by feeding mice or rats
high-fat diets (8-10), results in decreases in skeletal muscle
peroxisome proliferator-activated receptor 7y coactivator-la
(PGC-1a) mRNA (8-10) and the mRNA levels of various
mitochondrial constituents (8). In contrast, a number of earlier
studies provided evidence that high-fat diets induce increases in
mitochondrial marker enzymes (11-14), and Turner et al. (15)
recently reported that a high-fat diet resulted in increases in
mitochondrial biogenesis and fatty acid oxidative capacity in
skeletal muscle of mice.

We have found that raising serum FFA in rats by feeding them
a high-fat diet and giving them daily heparin injections results in
an increase in muscle mitochondria (16). The initial purpose of
the present study was to determine whether the more modest
increase in FFA induced by a high-fat diet also results in
increased mitochondrial biogenesis with an increase in the
capacity of muscle to oxidize fat. We found that a high-fat diet
does induce an increase in muscle mitochondria. This finding
made it possible to evaluate whether a high-fat diet causes
muscle insulin resistance despite increases in mitochondria and
fat oxidative capacity.

Overexpression of peroxisome proliferator-activated receptor
(PPAR)& in muscles of transgenic mice, or activation of PPARS
in skeletal muscle in vivo by using a specific PPAR$ activator, has
been shown to result in increases in skeletal muscle mitochondria
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(17, 18). In these studies, an increase in muscle mitochondria
occurred in the absence of an increase in PGC-1a mRNA (17,
18). This finding led to the conclusion that the increase in
mitochondria is mediated directly by PPARS (17-19). We have
shown that raising serum FFA, which are endogenous ligands of
PPARS (20), results in activation of PPARS, as evidenced by a
large increase in PPARG binding to the PPAR response element
in the carnitine palmitoyl transferase 1 (CPT-1) promoter (16).
Muscle CPT-1 expression is regulated by PPARS in skeletal
muscle (21). This finding, viewed in the context of the previous
studies of PPAR& overexpression and activation, makes it prob-
able that activation of PPARGS is the first step in the pathway by
which raising FFA leads to an increase in mitochondria. How-
ever, it did not seem possible that PPARS could directly induce
mitochondrial biogenesis, because it regulates expression of a
limited number of mitochondrial proteins. It is well established
that the biogenesis of normal, functional mitochondria requires
the activation of a number of transcription factors in addition to
PPARS (22-24). The coordinated activation of these transcrip-
tion factors and, thus, the regulation of mitochondrial biogenesis,
is mediated by the transcription coactivator PGC-1 (22, 24). In
this context, another aim of this study was to test the hypothesis
that raising FFA and overexpressing PPARS both result in an
increase in PGC-1a protein expression by a posttranscriptional
mechanism.

Results

Body Weights, Intraabdominal Fat, and Serum Free Fatty Acids.
Feeding rats the high-fat diets for 4-5 wk was not sufficiently
long to result in a significantly greater increase in body weight
than occurred in chow-fed controls. However, the omental,
epididymal, and retroperitoneal fat depots were significantly
greater in the high-fat diet-fed groups than in the chow-fed group
(7.7 £05gvs. 12.2 £ 1.1 g, P < 0.01). The high-fat diet-fed rats
had higher serum FFA levels than the chow-fed animals (756 =
68 uM vs. 249 = 24 uM, P < 0.01).

High-Fat Diets Induce an Increase in Skeletal Muscle Mitochondria. In
our previous study of the effect of raising FFA on mitochondrial
biogenesis in skeletal muscle, we fed rats a high-fat diet and gave
them daily injections of heparin to raise serum FFA to high levels
(16). The rationale for this approach was to try to mimic the
effects of exercise on FFA levels. One purpose of the present
study was to determine whether the more modest increase in
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Fig. 1. A high-fat diet induces an increase in skeletal muscle mitochondria.
Western blot analysis of mitochondrial proteins from triceps muscles of rats
fed the flax seed oil/olive oil diet. Values are mean =+ SE for 6-10 muscles. *,
P < 0.05, high fat versus chow. C, control; F, high fat; COX1, cytochrome
oxidase subunit 1; COX4, cytochrome oxidase subunit 4; ALAs, aminolevuli-
nate synthase.

FFA that results from feeding a high-fat diet also induces an
increase in muscle mitochondria. As shown in Fig. 1, there were
significant increases in a range of mitochondrial proteins in
epitrochlearis muscles of rats fed the flaxseed/olive oil diet for
5 wk. There was also a significant increase in the capacity of
skeletal muscle to oxidize palmitate [10.2 = 1.8 (chow) vs. 17.8 =
2.5 (high fat) nmol/min per g, P < 0.02], providing evidence for
an increase in functional mitochondria. Further evidence for a
high-fat diet-induced increase in muscle mitochondria is pro-
vided by the finding of an increase in mitochondrial DNA copy
number, as evidenced by an increase in the ratio of cytochrome
b to 18S DNA (Fig. 2).

Because previous studies in which high-fat diets were reported
to result in decreases in PGC-1a and/or muscle mitochondria
used either lard- or milk-based diets (8-10), we also examined
the effect of a diet containing 32% lard and 18% corn oil. As
shown in [supporting information (SI) Fig. S1], feeding rats the
lard/corn oil diet for 4 wk resulted in increases in a range of
mitochondrial proteins in muscle.

The Flax Seed/Olive Oil Diet Induces Insulin Resistance of Muscle
Glucose Transport. The lard/corn oil diet and other high-fat diets
induce insulin resistance of muscle glucose transport in rats
within a few weeks and, depending on type of fat and genetic
background, diabetes in rats (25-28). The flax seed/olive oil diet
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Fig.2. High-fatdietinducesan increase in mitochondrial DNA copy number.
Mitochondrial DNA copy number was evaluated in triceps muscles by deter-
mining the ratio of cytochrome b DNA to 185 DNA. Values are means * SE for
four rats per group. *, P < 0.05.
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Fig. 3. A high-fat diet induces a gradual increase in muscle mitochondria.
Time course of the increase in mitochondrial enzyme proteins in response to
the high-fat, lard/corn oil diet. Values are means = SE for four to eight muscles
per group. *, P < 0.05 versus other groups. Values are means + SE for four
muscles per group. COX1, cytochrome oxidase subunit 1; ALAs, aminolevuli-
nate synthase.

also results in decreases in insulin responsiveness of glucose
transport in the slow-twitch red soleus muscle [2-deoxyglucose
(2DG) transport: chow, 1.6 * 0.2 (basal) and 5.9 = 0.6 (insulin)
pmol-ml~1-30 min~! versus high fat, 1.4 = 0.1 (basal) and 3.4 =
0.3 (insulin) wmol'ml~!-30 min~!, P < 0.05] and the fast-twitch
white epitrochlearis muscle [2DG transport: chow, 0.52 = 0.07
(basal) and 2.5 = 0.2 (insulin) umol'ml~!-30 min~! versus high
fat, 0.53 = 0.05 (basal) and 1.8 = 0.14 (insulin) wmol-ml~!-30
min, P < 0.05]. Because the high-fat diet-induced increases in
mitochondria and in the capacity to oxidize fat occurred during
the period in which insulin resistance developed, the muscle
insulin resistance is clearly not due to mitochondrial deficiency.

Time Course of the Increase in Muscle Mitochondria. In contrast to
induction of increases in mitochondrial biogenesis by other
stimuli such as exercise (29-31), cold (32), or increases in
cytosolic calcium (33), which occur rapidly (hours), the high-fat
diet-induced increase in mitochondria occurs slowly (weeks). As
shown in Fig. 3, no increases in expression of mitochondrial
proteins were observed after 1 wk, and only small increases were
present after 2 wk. Exceptions were long-chain acyl CoA dehy-
drogenase (LCAD) and uncoupling protein 3 (UCP3), which had
increased 50-60% by 2 wk (data not shown). Transcription of
LCAD and UCP3 is regulated by PPARGS (34, 35). A significant
adaptive response of mitochondrial marker proteins had oc-
curred by 4 wk (Fig. 3). The mRNA content of a range of
mitochondrial markers was not different after 1 wk of fat feeding
(data not shown), however, increases began to be evident by 2 wk
and further increases were evident after 4 wk (Fig. S2 4 and B).

PGC-1« Response to the High-Fat Diets. FFA are natural ligands of
the PPARSs (20). Both overexpression and activation of PPARS
result in increased mitochondrial biogenesis in the absence of an
increase in PGC-1a mRNA in skeletal muscle in vivo (17-19). In
these studies, PGC-1a protein was not measured, and it was
concluded that overexpression or activation of PPARGS directly
mediates mitochondrial biogenesis.

It did not seem possible to us that PPARS could directly
mediate mitochondrial biogenesis, because it regulates expres-
sion of only a subset of mitochondrial proteins. Mitochondrial
biogenesis requires the coordinated expression of genes encoded
in both the nuclear and mitochondrial genomes, and this process
requires activation and/or increased expression of a number of
transcription factors in addition to PPARS (22-24). These
include the nuclear respiratory factors 1 and 2 (NRF-1 and
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Fig. 4. A high-fat diet induces a gradual increase in PGC-1a protein. Time
course of the increase in PGC-1a protein in epitrochlearis muscles of rats fed
the lard/corn oil diet. C, control; F, high fat. Values are means + SE for four to
eight muscles per group.

NRF-2), mitochondrial transcription factor A (TFAM), the
myocyte specific enhancer factors (MEFs), and the estrogen
related receptors (ERRs) (22-24). The coordinated increase in
transcription of genes encoding mitochondrial proteins is me-
diated by the transcription coactivator PGC-1a, which activates
the NRFs, ERRs, PPARs, and MEFs and, thus, plays the key role
in mediating adaptive mitochondrial biogenesis (22-24).

In this context, we hypothesized that the increase in muscle
mitochondria induced by activation or overexpression of PPARS
is mediated by induction of an increase in PGC-la protein
expression by a posttranscriptional mechanism. We have previ-
ously reported that raising FFA by means of a high-fat diet plus
daily heparin injections for 4 wk does not result in an increase in
PGC-1a mRNA in muscle (16). The high-fat diets also did not
cause an increase in PGC-la mRNA (Fig. S3). In fact, we
observed a significant decrease in PGC-1a mRNA after 1 wk of
a high-fat diet, with a return to the control level after 2 wk (Fig.
S3). Other investigators have also reported that high-fat diets
(8-10) bring about a decrease in PGC-1a mRNA.

As shown in Fig. 4, there was a 2.5-fold increase in PGC-1a
protein in muscle of rats fed the high-fat diets for 4 wk. In
contrast to the induction of PGC-1a by other stimuli, such as
exercise (29-31), cold (32), and calcium (33), which occurs
rapidly (hours) and is mediated by increased transcription, the
high-fat diet-induced increase in PGC-la protein expression
occurs slowly (weeks) and in the absence of an increase in
PGC-1a mRNA. We used an anti-PGC-1« antibody obtained
from Calbiochem in the Western blots shown in Fig. 4. To further
confirm the finding of an increase in PGC-1« protein, we also
used three other anti-PGC-1a antibodies directed at different
amino acid sequences of the PGC-la protein. The results
obtained with all four antibodies show an increase in PGC-1a
protein expression in muscles of the high-fat diet-fed animals
(Fig. S4).

Overexpression of PPARS in Skeletal Muscle Results in an Increase in
PGC-1a Protein. The finding that overexpression of PPARS in
skeletal muscle of transgenic mice does not result in an increase
in PGC-1aa mRNA led to the conclusion that the increase in
mitochondria is mediated directly by PPARS (17-19). In light of
our finding that raising fatty acids, which activate PPARGS,
induces a posttranscriptionally mediated increase in PGC-1la
protein, it seemed important to determine whether overexpres-
sion of PPARS also results in an increase in PGC-1a protein.
Three weeks after electric pulse-mediated transfer of a full-
length PPAR& gene into tibialis anterior muscle, PPARS protein
was increased ~2-fold above control level (Fig. 54). This
increase in PPARS protein resulted in a ~4-fold increase in
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Fig. 5. Overexpression of PPARS in muscle results in an increase in PGC-1a
protein. (A) PPARS protein in tibialis anterior muscles in which PPARS (P) was
overexpressed by electric pulse field gene transfer. *, P < 0.05. (B) PGC-1«a
protein expression is increased in muscles overexpressing PPARS. *, P < 0.05.
Values are means = SE for four muscles per group. C, control.

PGC-1a protein expression (Fig. 5B). As in previous studies (17,
18), overexpression of PPARS did not result in an increase in
PGC-1a mRNA (Fig. S5).

Discussion

The major findings of the first phase of this study are that feeding
rats high-fat diets results in an increase in mitochondria and in
the capacity of muscle to oxidize fat concomitant with develop-
ment of muscle insulin resistance. It has been hypothesized that
skeletal muscle insulin resistance is mediated by a mitochondrial
deficiency that limits fat oxidation and results in accumulation of
intramyocellular lipids (2). This concept is based on the finding
that muscles of insulin-resistant individuals generally contain
~30% less mitochondria than those of insulin-sensitive control
subjects (3-7). This phenomenon has also been referred to as
mitochondrial dysfunction (1, 2), although a detailed evaluation
has provided evidence that the remaining mitochondria function
normally (36). The present findings seem incompatible with the
concept that muscle insulin resistance is mediated by mitochon-
drial deficiency.

Our findings that high-fat diets induce increases in PGC-1a
protein, a range of mitochondrial proteins, and fat oxidative
capacity in skeletal muscle of rats differ markedly from those of
a recent study, in which feeding mice a high-fat diet for 3 wk was
reported to decrease muscle mRNA levels of PGC-1la and
mitochondrial respiratory chain constituents by ~90% and
PGC-1a and cytochrome c protein levels by ~40% (8). However,
a number of earlier studies provided evidence that high-fat diets
result in an increase in mitochondrial enzymes in muscle (11-14),
and we have shown that large increases in FFA induce an
increase in mitochondrial biogenesis (16). Furthermore, Turner
et al. (15) recently reported that, as in the present study, feeding
rats a high-fat diet resulted in increases in mitochondrial enzyme
activities, mitochondrial respiratory chain subunit protein levels,
and fat oxidation capacity in skeletal muscle. Further evidence
that fatty acids stimulate mitochondrial biogenesis comes from
the finding that lowering serum FFA by giving acipimox to rats
resulted in a =~30% decrease in mRNA content of mitochondrial
proteins (37) and that overexpression of lipoprotein lipase in
muscle results in a massive increase in mitochondria (38).

It is surprising that the mitochondrial deficiency causes insulin
resistance concept has been so widely accepted, because it seems
untenable in the context of what is known regarding the capacity
of skeletal muscle for oxidative metabolism. The mechanism by
which a 30% decrease in muscle mitochondria has been pro-
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posed to cause muscle insulin resistance is an impairment in the
ability to oxidize fat, resulting in accumulation of intramyocel-
lular lipids (1, 2). Actually, the rate of substrate oxidation in
resting muscle is not determined/limited by mitochondrial oxi-
dative capacity but by the rate of ATP breakdown/ADP forma-
tion, which is regulated by the cells’ need for energy (39). The
energy/substrate requirement of resting muscle cells is deter-
mined by “housekeeping” functions, such as maintenance of
transmembrane potential by the Na*/K* ATPase, protein syn-
thesis, etc., and is very low relative to the maximal capacity of
muscle for substrate oxidation. Increasing the supply of FFA or
glucose to resting muscle can change the relative proportions of
these substrates that are oxidized but does not result in an
increase in substrate oxidation above that required to supply the
energy needed for ATP repletion, regardless of its content of
mitochondria.

Oxygen utilization by limb skeletal muscles when individuals
are exercising at a work rate that elicits their maximal capacity
to use oxygen (VO,max) during running or cycling is in the range
of 200 mlkg muscle”!min~! for sedentary and 400 mlkg
muscle min~! for well trained individuals (40). Overweight,
middle-aged patients with insulin resistance are generally in poor
physical condition and have a low VO,max, in the range of 22-26
ml of Oykg body wt~'min! (7). If one assumes that such an
individual has an extremely low muscle capacity to use oxygen of
100 ml’kg~!min~! that is only 50% as great as that of normal
sedentary individuals, this still represents a 33-fold increase
above resting muscle oxygen uptake, which is ~3 ml-kg
muscle min~!. In light of the enormous difference in the
capacity of muscle to oxidize substrate and the rate of substrate
oxidation required to regenerate ATP in resting muscle, a 30%
decrease in muscle mitochondria is irrelevant in terms of the
ability of resting muscle to oxidize fat.

On the other hand, in pathological states in which mitochon-
drial number and/or function are so severely reduced as to limit
the rate of substrate oxidation in resting muscle, both basal- and
insulin-stimulated glucose transport are increased (41, 42) de-
spite massive accumulation of intramyocellular lipid (41). Thus,
mitochondrial deficiency and dysfunction sufficiently severe to
limit fat oxidation increases, rather than decreases, insulin
action. Similarly, severe hypoxia, which can be thought of as the
ultimate degree of mitochondrial dysfunction, markedly in-
creases basal- and insulin-stimulated glucose transport (43, 44).
These effects of mitochondrial deficiency/dysfunction are me-
diated by activation of AMP-dependent protein kinase (AMPK)
(41, 42, 44), which stimulates glucose transport and induces an
increase in expression of the GLUT4 glucose transporter
(45, 40).

If increases in FFA do not mediate a decrease in mitochondria,
what is responsible for the lower than usual amount of mito-
chondria in skeletal muscle of insulin-resistant patients? Nair
and coworkers (6) have hypothesized that, rather than causing
insulin resistance, a reduction in mitochondrial content is me-
diated by insulin resistance. Although our findings shed no light
on this question, we think it is likely that exercise deficiency is the
cause of the mitochondrial deficiency. The amount of mitochon-
dria in muscle can vary over a considerable range, increasing
with endurance exercise training and decreasing with physical
inactivity (47). The insulin resistance syndrome and type 2
diabetes are, to a large extent, mediated by exercise deficiency
in genetically predisposed individuals who do not balance re-
duced energy expenditure with reduced energy intake, resulting
in obesity.

The central finding of the second phase of this study is that a
high-fat diet induces an increase in muscle mitochondria by
increasing the expression of PGC-1« protein via a posttranscrip-
tional mechanism. We have shown that raising FFA levels
activates PPARS in skeletal muscle in vivo, as evidenced by
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increased binding to the PPAR response element in the carnitine
palmitoyl transferase 1 promoter (16). This finding is not sur-
prising because fatty acids are endogenous ligands responsible
for activating the PPARs (20). In the studies on mouse skeletal
muscle in vivo, in which PPARS was overexpressed or activated
by using a PPARGS ligand, mitochondrial biogenesis increased in
the absence of an increase in PGC-1a mRNA (17, 18). Similarly,
raising serum FFA (16) and feeding rats high-fat diets resulted
in increased biogenesis of mitochondria in skeletal muscle
despite no increase in PGC-1a mRNA. Because it did not seem
possible that PPARS could directly mediate mitochondrial bio-
genesis, we hypothesized that increases in PPARS expression
and/or activity bring about an increase in PGC-la protein
expression by a posttranscriptional mechanism. This hypothesis
proved correct, because we found that both the high-fat diets and
the increased expression of PPARS induce increases in skeletal
muscle PGC-1a protein expression.

It seems likely that the reason that the increase in PGC-1«
protein was missed in previous studies is that it has become
common practice to just measure mRNA levels and to refer to
increases in gene transcription as increased gene expression. This
approach ignores the fact that genes are expressed as proteins
and that gene expression can be regulated at a number of steps
during translation as well as posttranslationally. As an example
of posttranslational regulation, it has been shown that overex-
pression of calpastatin, the endogenous inhibitor of the protease
calpain, results in large increases in expression of GLUTH4,
CAMKII, and AMPK proteins despite a decrease or no change
in their mRNA levels (48, 49).

The regulation of PGC-la expression by PPARS differs
markedly between skeletal muscle in vivo and myotubes in
culture. In contrast to the finding in mouse and rat skeletal
muscle that PPARS overexpression or activation does not result
in an increase in PGC-la« mRNA, a number of studies have
shown that PPARGS induces an increase in PGC-la gene tran-
scription, with a rapid increase in PGC-1a mRNA, in myotubes
(19, 50, 51). This remarkable difference is currently unexplained,
but it does show that skeletal muscle and myotubes have
important differences that make it inappropriate to refer to
myotubes as “skeletal muscle” and shows that findings on
myotubes cannot always be directly extrapolated to skeletal
muscle.

In conclusion, our results show that a high-fat diet that raises
FFA results in a gradual increase in mitochondria in rat skeletal
muscle, with an increase in the capacity for fat oxidation,
concomitant with development of muscle insulin resistance. This
finding argues against the concept that muscle insulin resistance
is mediated by a deficiency of muscle mitochondria. We interpret
our findings as evidence that the increase in muscle mitochon-
dria induced by raising FFA levels is mediated by activation of
PPARS, which brings about a gradual increase in PGC-la
expression by a posttranscriptional mechanism.

Materials and Methods

Animal Care. This work was approved by the Animal Studies Committee of
Washington University School of Medicine. Male Wistar rats weighing ~50 g
were housed 2 or 3 per cage with a 12:12 light/dark cycle. Animals were given
ad libitum access to one of three diets, a standard chow diet (PicoLab Rodent
Diet 20, 5053) or one of two high-fat diets. The standard chow diet (chow)
consisted of 23.5% calories from protein, 11.9% calories from fat, and 64.5%
calories from carbohydrate. The high-fat flax seed/olive oil diet consisted of
20% calories from protein (243 g/kg casein), 50% calories from fat (187.5 g/kg
flax seed oil and 93.7 g/kg olive oil), and 30% of calories from carbohydrate
(210.8 g/kg corn starch, 105.4 g/kg sucrose, and 59.6 g/kg bran). The high-fat
lard/corn oil diet consisted of the following: 23% calories from protein (294.5
g/kg casein), 50% calories from fat (180g/kg lard and 100g/kg corn oil), and
27% calories from carbohydrate (347.4 g/kg sucrose). Both of the high-fat
dietsincluded 22 g of vitamin mix (Teklad Premier #40077), 51 g of mineral mix
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(Teklad Premier #170915), 5 g of methionine (Teklad Premier #10850), and 1.3
g of choline chloride per kg of diet.

Measurement of Glucose Transport Activity. Rats fed the high-fat flax/olive oil
diet were used to measure the skeletal muscle insulin responsiveness. On the
evening before the experiment, animals had food removed at 1800 hours. Rats
were anesthetized with 50 mg/kg sodium pentobarbital and epitrochlearis
muscles and soleus strips were dissected out for in vitro incubation. Maximum
insulin stimulated (2 milliunits/ml) glucose transport activity was measured by
using the glucose analog 2-deoxy-p-[3H]glucose (2DG), and [U-'*C]mannitol
(0.3 uCi/ml) was used to calculate extracellular space as described previ-
ously (52).

Measurement of Palmitate Oxidation. The capacity of muscle to oxidize fatty
acids was determined by measuring the rate of ['*C]CO, production from ['4C]
palmitate as described previously (53-55).

Western Blotting. Muscles were homogenized in ice-cold buffer containing the
following: 250 mM sucrose, 10 mM HEPES/1 mM EDTA (pH 7.4), 1 mM each of
Pefabloc (Roche), EDTA, and NaF, 1 png/ml each of aprotinin, leupeptin, and
pepstatin, 0.1 mM bpV(phen), and 2 mg/ml B-glycerophosphate. Homoge-
nates were subjected to three freeze/thaw cycles and centrifuged for 10 min.
at700 X g. Protein concentration was determined by using the Lowry Method
(56). Aliquots were solubilized in Laemmli buffer and subjected to SDS/PAGE.
The following antibodies were used for immunoblotting: § aminolevulinate
synthase (Alpha Diagnostic), cytochrome oxidase subunit 1, cytochrome oxi-
dase subunit IV (Molecular Probes), citrate synthase (CS) (Alpha Diagnostic),
PGC-1a[516557 (Calbiochem), sc-13067 (Santa Cruz), AB3242 (Upstate), and a
gift from Dan Kelly (Washington University Medical School)], UCP3 (Chemi-
con), PPARS (Affinity Bioreagents), or LCAD (a gift from Dan Kelly). After
incubation with the appropriate secondary antibody, bands were visualized
by ECL and quantified by densitometry.

Semiquantitative RT-PCR. PGC-1a« mRNA was measured by semiquantitative
RT-PCR as described previously (57). The sense and antisense primers for
PGC1a were 5'-GTGCAGCCAAGACTCTGTATGG-3' (forward) and 5'-GTCCAG-
GTCATTCACATCAAGTTC-3’ (reverse). Muscle RNA isolated from a subset of
animals was subjected to a RT? Profiler Custom PCR Array (SuperArray Bio-
science) designed to simultaneously measure eight mitochondria-related
transcripts as well as two housekeeping transcripts [B-actin and ribosomal
protein L10A (RPL10)], according to the manufacturer’s protocol (SuperArray
Bioscience). The data were normalized to the housekeeping genes by the AACt
method as described in the RT2 Profiler protocol.

Muscle Mitochondrial DNA Content. Muscle mitochondrial DNA content was
determined as described previously (16). Briefly, DNA isolation was performed
by using organic extraction (58). PCR was performed by using an 18S primer for
a nuclear marker (catalog no. 1718; Ambion) and primers for cytochrome b
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(forward, ACAAAATCCCATTCCATCCA; reverse, GTTGGGAATGGAGCGTA-
GAA). PCR was performed with Promega master mix containing Taq polymer-
ase, dNTPs, MgCl2, and PCR buffers.

Plasmid DNA Constructs. To add myc-tag to the N terminus of PPARS, PPARS
cDNA (Origene) was PCR cloned with the forward primer, 5'-CACCATGGAA-
CAAAAACTCATCTCAGAAGAGGATCTGGAGCAGCCACAGGAGGAAGC-3/, and
reverse primer, 5'-TTAGTACATGTCCTTGTAGATCTCC-3'. The PCR fragment
was inserted into pCR2.1Topo (Invitrogen). For the construction of the pCAG/
myc-ppard, Ecorl fragment of pCR2.1/myc-ppard was inserted into Ecorl site of
pCAGEN (59). The plasmid DNAs were transformed and amplified by using
DH-5a bacteria and purified with a plasmid maxi kit (Qiagen). To generate
adenovirus-bearing myc-PPARS cDNA, the PCR fragment was subcloned into
the pENTER/D-Topo vector and cDNA inserts were transferred to a pAdCMV/
V5-DEST vector by using LR clonase (Invitrogen). Adenovirus was generated by
following vendor’s instructions.

PPARGS DNA Electroporation. The overexpression of PPARS in the tibialis ante-
rior (TA) muscle was accomplished by using an electric pulse-mediated gene
transfer technique (60). Rats were anesthetized with isoflurane gas. The
tibialis anterior (TA) muscle was injected with 100 pg of plasmid DNA con-
taining the PARS-myc or empty vector in 0.1 ml of saline by using a 28-gauge
needle atarate of 0.04 ml/min. After the injection, an electric field was applied
to the TA muscle by using a S88 square-pulse stimulator (Grass) with a 533
model two-needle array (BTX). The electric field application consisted of eight
pulses of 100-ms duration (at a frequency of 1 Hz and amplitude of 100 volts),
which were applied perpendicular to the long axis of the muscle. Muscles were
harvested 3 wk after electroporation.

Immunoprecipitation of myc PPARS. Three weeks after myc PPARS gene trans-
fer, tibialis anterior muscles were homogenized in ice-cold buffer. Homoge-
nates were rotated at 4°C for 1 h then centrifuged at 13,000 X g for 15 min.
Supernatant fraction was collected and protein content was measured. Ho-
mogenate samples containing 1 mg of protein were incubated overnight with
anti-mycTag antibody (catalog no. 2276; Cell Signaling Technology). The next
morning, 20 ul of protein A/G magnetic beads (Bioclone Inc.) were added, and
samples were incubated for 3 h. After four 1-ml washes, samples were diluted
in Laemmli buffer, boiled for 5 min, and subjected to SDS/PAGE.

Statistical Analysis. Results are presented as means *+ standard error. Com-
parisons between control and treatment were made by using an unpaired
Student t test.
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